1. Introduction {#s0005}
===============

On 31st December 2019, a group of pneumonia cases of unknown aetiology in Wuhan, Hubei Province, China was reported to the World Health Organization (WHO) China Office ([@bb0105]). By 7th January 2020, scientists in China had isolated a new coronavirus from patients in Wuhan ([@bb0155]). The virus is phylogenetically in the severe acute respiratory syndrome coronavirus (SARS-CoV) clade and the associated disease is stated as coronavirus disease 2019 (COVID-19). The rapid spread of the disease led the WHO to declare COVID-19 a global pandemic on 11th March 2020 ([@bb0065]). As of 22nd June, more than 9 million cases of COVID-19 and more than 470,000 associated deaths were reported worldwide ([@bb0050]). Given the high transmissibility and limited epidemiological understanding of COVID-19 ([@bb0010]), governments across the world have adopted different social distancing measures to delay the transmission of the virus, including restrictions to human mobility and mass gatherings; closure of work- and entertainment-places; as well as cancellation and postponement of events. However, the effectiveness of such measures in controlling the pandemic is uncertain, with the decision-making surrounding the time and the extent of adoption being rarely evidence-based ([@bb0055]; [@bb0085]). The governments try to achieve a trade-off between the potential public health benefits of delaying COVID-19 spread and the socio-economic impacts of social distancing measures ([@bb0125]). These measures have resulted in a reduction of human mobility ([@bb0030]; [@bb0080]; [@bb0160]), arguably contributing to the delay in COVID-19 transmission ([@bb0025]; [@bb0095]) and thereby to the decrease of pressure on health services ([@bb0115]).

The first case and the first associated death in the UK were reported on 31st January 2020 and 5th March 2020 respectively, with a total of more than 300,000 cases and 42,000 associated deaths being announced as of 22nd June ([@bb0050]). With the impending risk of COVID-19 pandemic infecting up to 80% of the UK population ([@bb0020]), the government outlined its plans to support health and social care system through a COVID-19 Emergency Bill on 8th March 2020 ([@bb0075]). [Fig. 1](#f0005){ref-type="fig"} shows the timescale of the main UK Government measures taken to tackle COVID-19 spread. The UK national framework for responding to pandemic states that public transport should continue to operate normally to maintain business continuity and near normal functioning of society as well as to enable critical workers\' essential journeys ([@bb0035]). The UK government\'s measures directly connected to human-mobility began on 16th March 2020, with a 'recommendation' on avoiding non-essential travel ([@bb0070]). Additionally, the Transport for London (TfL) announced a reduced service across its transit network on 18th March 2020 ([@bb0145]). It was followed by a reduced operation of the national railway network and cancellation of driving tests for up to three months. Subsequently, a general (nation-wide) lockdown was enforced with immediate effect on 23rd March 2020, accompanied by a 'guidance and advice' to avoid non-essential travel and to practice social distancing ([@bb0060]). The lockdown was later extended on 16th April 2020 for at least three weeks. The study investigates the impact of the UK government\'s interventions on human mobility and its subsequent impact on the severe COVID-19 outcomes (i.e. deaths).Fig. 1Timeline of UK control measures for COVID-19.Fig. 1

2. Materials and methods {#s0010}
========================

The UK government\'s measures in response to COVID-19 was collected from publicly available databases ([@bb0060]; [@bb0070]) and illustrated in [Fig. 1](#f0005){ref-type="fig"}. The data associated with human mobility trends of walking, driving and using public transport provided by Apple mobility trends reports ([@bb0005]) was compared to a baseline volume of the previous year ([Fig. 2](#f0010){ref-type="fig"} ). The timeline of the government\'s measures was mapped against the human-mobility trends to study the plausible shifts in transport usage and mode choice.Fig. 2Change in traffic in the UK compared to 2019: (A) before the 8th March 2020; (B) after 8th March 2020.Fig. 2

The impact of the human-mobility trends on COVID-19 related deaths was investigated by employing reliable mathematical modelling, which captures the baseline transmission and predicts the effect of an epidemic ([@bb0110]; [@bb0150]). The total period of an outbreak can be modelled with a logistic growth ([@bb0165]), characterized by increasing growth at the beginning and a decreasing one at a later stage. Generalized logistic model as an extension of the logistic model allows more flexibility to S-shaped growth curves for asymmetrical growth ([@bb0130]; [@bb0170]). The input parameters of the logistic function consist of the 7-day moving average number of deaths at a given time, the limiting value of the number of deaths, the midpoint where the epidemic starts to slow down and the growth rate determining how many people each person infects. A nonlinear regression model is applied to the total number of 7-day moving average deaths in Period 1 (until 25th March) and Period 2 (until 10th April). Nonlinear least-squares estimation is used to generate the parameters that minimize the Least Squared Error of our model. Customized bounds and random initial points are deployed. The fitted functions with the predicted values over the entire period until 20th June and the full dataset are shown in [Fig. 3](#f0015){ref-type="fig"} . The optimization model and relevant functions were implemented in Python 3.7 using the Scipy library, and the source code is available in [@bb2005].Fig. 3Deaths related to COVID-19 in the UK: (A) actual values; (B) predicted values, using data until the 25th March; (C) predicted values, using data until the 10th April.Fig. 3

3. Results {#s0015}
==========

The results from our analysis indicate that most of the UK government measures were directly or indirectly connected with human mobility. Human mobility in the UK, particularly through public transport, was seen to be consistently higher in comparison to the previous year until the 7th March 2020, as illustrated in [Fig. 2](#f0010){ref-type="fig"}. During the same period, the severity of the pandemic in continental Europe was rising at an alarming rate, with Italy roughly doubling its COVID-19 related daily deaths every 2 to 3 days ([@bb0050]). A notable drop in people driving and using public transport in the UK was observed from 8th March 2020. This observation may indicate that the government\'s press release on this date, outlining the COVID-19 Emergency Bill and plans to move from 'contain' to 'delay' the COVID-19 progression, had a direct impact on travel behaviour. The continuous UK government\'s 'guidance' and 'advice and recommendation' to avoid non-essential travel between 8th-23rd March 2020, combined with the closure of schools and reduced operation of London Underground and National Railway services, possibly contributed to a continuous reduction in human-mobility during this period. On 24th March 2020 (i.e. the day after the general lockdown), human mobility was found to be reduced even more and until the end of May 2020 did not show any major fluctuations, with driving, transit and walking remaining 60%, 80% and 60% reduced compared to the same period of the previous year (i.e. 2019).

Despite remaining unclear how exactly different non-pharmaceutical control measures, such as human-mobility restrictions, affect COVID-19 spread ([@bb0120]; [@bb0135]), the interventions in China possibly played a significant role in its mitigation ([@bb0025]; [@bb0085]). Given the above, we investigated whether there is a correlation between human-mobility and number of COVID-19 related deaths. It should be mentioned that the mean time between exposure to the COVID-19 virus and reported death is 18 days ([@bb0175]). To this end, we examined the potential link between the human mobility data of a particular date and the 7-day moving average number of deaths reported 18 days later. The 7-day moving average number of deaths was selected over a daily number of deaths to reduce statistical error and inconsistency in reporting deaths (e.g. between weekend and weekdays). In addition, deaths were considered as a more reliable metric ([@bb0090]), and thus selected over reported daily infections, since the number of the actual infections is expected to be significantly higher than what has been reported. Most UK citizens with no or mild symptoms have not been tested, so it is not clear whether they have been symptomatic or asymptomatic COVID-19 carriers ([@bb0015]; [@bb0040]), while in case of death the causes have been investigated and recorded. We hypothesised that travel behaviour influences the risk of exposure to the virus and thus correlates with COVID-19 related deaths. Specifically, reduced human mobility can be associated with a lower number of deaths, compared to the number of deaths if human mobility remains at its normal levels.

[Fig. 3](#f0015){ref-type="fig"} firstly presents the actual increase of the daily deaths informed by the 7-day moving average for the period between 6th March 2020 and 20th June 2020. Secondly, [Fig. 3](#f0015){ref-type="fig"} shows the prediction for the increase of deaths until 20th June, using the deaths data until 26th March, correlated with the traffic data until 8th March (Period 1). Thirdly, [Fig. 3](#f0015){ref-type="fig"} indicates the prediction for the growth of deaths until 20th June, using the deaths data until 10th April, correlated with the traffic data until 23rd March (Period 2). The trend of deaths is continuously changing, while traffic is continually decreasing in Period 2 ([Figs. 2](#f0010){ref-type="fig"}B, [3](#f0015){ref-type="fig"}). Thus, Period 2 could have been divided into more parts. However, the used Periods serve our purpose of proving that a decrease in travel mobility is related to a lower number of deaths 18 days later (i.e. 26th March and 10th April respectively). Specifically, if there was no human mobility reduction (Period 1), the current number of deaths would be several times higher than the current actual number of deaths. If human mobility continued to be at the levels of the period between 8th and 23rd March (i.e. before lockdown period, but with constant "recommendations for avoiding non-essential travelling") until today, the resulting number of deaths would be again higher than the current deaths number, but significantly lower compared to the number of deaths associated with normal mobility level. It is clear that the human mobility levels are linked to severe COVID-19 outcomes (i.e. death) ([Fig. 2](#f0010){ref-type="fig"}, [Fig. 3](#f0015){ref-type="fig"}). However, any estimation for the exact number of saved lives due to the already applied measures or hypothetical measures poses a high level of uncertainty. COVID-19 related deaths do not only depend on government measures and human mobility, but also population density, population age and pre-existing health condition, provided treatment as well as health care facilities occupancy and accessibility ([@bb0045]; [@bb0100]; [@bb0140]).

4. Concluding discussion {#s0020}
========================

The largest share of human-mobility reduction was observed between 8 and 23 March 2020, when the UK government was continuously updating its measures until the lockdown. While the number of COVID-19 related deaths is dependent on various factors, the results from this study show that initial control measures aimed at human-mobility reduction had a direct impact on the number of COVID-19 related deaths in the UK. However, the presented methodology can be generalized only after using a larger dataset, model validation and comparison with other performance metrics of different models.

The results from the study also indicate that some level of travel restrictions and social-distancing measures may need to continue to reduce the risk of a resurgence in the transmission of COVID-19 in the UK. Restricting the number of passengers in public transport and stations to comply with social-distancing measures may need to be implemented to encourage public transport usage safely. Similarly, the increased opportunities for promoting active travel need to be met by cities re-allocating space to allow physically spaced walking and cycling. Further study is recommended on the estimation of saved lives in case of alternative measures (e.g. earlier lockdown) only if in addition to travel behaviour, other factors, such as population density, population age and pre-existing health condition, provided treatment as well as health care facilities occupancy and accessibility will be considered. Additionally, future work may investigate which individual measures or combination of them aid in achieving the trade-off between reducing human mobility and achieving near-normal functioning of socio-economic activities.
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